Little is known about how chaperones in the endoplasmic reticulum are organized into complexes to assist in the proper folding of secreted proteins. One notable exception is the complex of ERp57 and calnexin that functions as part the calnexin cycle to direct disulfide bond formation in N-glycoproteins. Here, we report three new complexes composed of the peptidyl prolyl cis-trans isomerase cyclophilin B and any of the lectin chaperones: calnexin (CNX), calreticulin (CRT), or calmegin (CMG). The 1.7 Å crystal structure of cyclophilin with the proline-rich P-domain of CMG reveals that binding is mediated by the same surface that binds ERp57. We use NMR titrations and mutagenesis to measure low micromolar binding of cyclophilin to all three lectin chaperones and identify essential interfacial residues. The immunosuppressant cyclosporin A did not affect complex formation, confirming the functional independence of the P-domainbinding and proline isomerization sites of cyclophilin. Our results reveal the P-domain functions as a unique protein-protein interaction domain and implicate a peptidyl prolyl isomerase as a new element in the calnexin cycle.
The endoplasmic reticulum (ER) is the cellular compartment responsible for the folding of secreted proteins. Molecular chaperones in the ER include general chaperones such as BiP, that promote folding by binding and stabilizing exposed hydrophobic stretches of partially folded protein and more specialized chaperones such as ERp57 and cyclophilin B, that catalyze disulphide bond formation and prolyl peptide bond cis-trans isomerization (1) . Several studies have used crosslinking and co-immunoprecipitation experiments to show the existence of large multiprotein complexes in the ER. These include a complex composed of GRP94, BiP, P5, PDI, ERdj3, cyclophilin B, ERp72, GRP170, UGGT, SDF2-L1 and substoichiometric amounts of CRT (2) and a complex of GRP94, ERp72, BiP, CRT and cyclophilin B (3) . Little is known about the nature of the protein-protein interactions that hold these complexes together and regulate their activity.
The calnexin cycle is a multichaperone system specific for the folding of N-glycosylated proteins (4) . It involves enzymes that modify the N-glycan of nascent proteins and a family of lectin chaperones that specifically bind the monoglucosylated glycan Glc 1 Man 9 (GlcNAc) 2 (5) . These chaperones, calnexin (CNX), calreticulin (CRT) and calmegin (CMG), are composed of a globular lectin domain and an unique extended arm-like structure known as the P-domain due to an abundance of proline residues (6, 7) . The tip of the P-domain of CNX and CRT binds the protein disulfide isomerase ERp57 to form a heterodimeric chaperone specific for Nglycosylated proteins (8) (9) (10) (11) (12) .
Proteins synthesized on rough ER ribosomes enter the calnexin cycle by the co-translational addition of a Glc 3 Man 9 (GlcNAc) 2 polysaccharide to asparagine side chains. The N-glycan is then trimmed by ER glucosidases to the monoglucosylated form that is recognized by CNX, CRT, and CMG (4) . The complex of ERp57 with CNX, CRT, or CMG likely acts as a general chaperone in addition to its role in catalyzing proper disulfide bond formation through the isomerase activity of ERp57 (12) . The engagement of the lectin chaperone/ERp57 complex is strictly regulated by the structure of the N-glycan. Once the terminal glucose residue is removed by glucosidase II, the trimmed glycoprotein no longer interacts with CNX/CRT/CMG. On the other hand, unfolded or misfolded glycoproteins that lack the terminal glucose can be rescued by the action of UDP-glucose:glycoprotein glucosyltransferase (UGGT), which adds a glucose to the terminal mannose for renewed interaction with the folding machinery.
Cyclophilin B is one of a number of peptidyl prolyl cis-trans isomerases (PPIases) found in the ER (13, 14) . It is inhibited by cyclosporin A, which binds to its active site with high affinity (13) . Treating cells with cyclosporin A interferes with the folding of collagen (15) and the maturation of transferrin (16) , demonstrating the functional relevance of cyclophilin B in the ER. Cyclophilin B forms a complex with prolyl 3-hydroxylase and cartilage-associated protein (17) . Recent studies showed that ER stress activates cyclophilin B expression, while its absence makes cells more sensitive to ER stress (18) . Why the ER contains multiple PPIases and how they recruit substrates are open questions.
Important clues to the function of ER chaperones have come from the study of their interacting partners (1) . The association of ERp57 with CNX enabled its function in N-glycoprotein folding to be established. Similarly, the association of ERdj5 with BiP and EDEM enabled elucidation of its role as a reductase involved in ER-associated decay (19) . Here, we show that cyclophilin B binds directly to the P-domain of the lectin chaperones. The crystal structure of cyclophilin B in complex with the P-domain from CMG provides a mechanism for the specific recruitment of PPIase activity to unfolded N-glycoproteins and suggests that cyclophilin B functions as part of the calnexin cycle.
EXPERIMENTAL PROCEDURES

Protein
expression, preparation and purification -Human cyclophilin B (residues 2-184 of the mature protein) was cloned into a pGEX-6P-1 vector (GE Healthcare, Uppsala, Sweden) and expressed in E. coli BL21(DE3) in rich (LB) medium as a fusion with N-terminal GST tag. For NMR experiments, the recombinant protein was labeled by growth of E. coli BL21 in M9 minimal medium with 15 N-ammonium sulfate as the sole source of nitrogen. Cells were harvested and broken in PBS, pH 7.4. The GST fusion protein was purified by affinity chromatography on glutathione-Sepharose resin and the tag was removed by cleavage with Prescission Protease (GE Healthcare), leaving a Gly-Pro-Leu-Gly-Ser N-terminal extension. The cleaved protein was additionally purified using ion-exchange chromatography (SP Sepharose) and dialyzed against NMR buffer (20 mM MES, 50 mM NaCl, pH 6.5).
The two-module fragment of canine CNX P-domain (residues 310-381) was expressed and purified as described earlier (11) . The two-module (residues 211-261) and one-module (residues 221-256) fragments of mouse CRT P-domain and the one-module (residues 317-350) fragment of canine CMG P-domain were cloned into pET15b vector (GE Healthcare) and expressed in E. coli BL21(DE3) as a fusion with N-terminal His-tag. The proteins were purified using a similar procedure to that for the calnexin P-domain. After cleavage with thrombin, the purified fragments contained an N-terminal Gly-Ser-His-Met extension and were exchanged into NMR buffer (20 mM MES, 50 mM NaCl, pH 6.5).
In order to obtain the D344K, D346K, D348K, E350K, and E352K CNX P-domain mutants and the K6A, K9A, K35A, K97A, and K183A cyclophilin B mutants, site-directed mutagenesis was performed on calnexin or cyclophilin B cDNA using mismatched primers and PCR with TaqPlus Precision Polymerase™ (Stratagene, La Jolla, USA), following the manufacturers' protocol. Automated DNA sequencing was performed to verify all sequence modifications.
Pull-down assays -0.5-2 mg of purified recombinant proteins (cyclophilin B, ERp57, ERp72) were coupled to 100 µl of NHS-activated Sepharose 4B (GE Healthcare) for 2 hours at 4 ºC in a total volume of 500 µl of HA buffer (115 mM potassium acetate, 20 mM HEPES pH 7.0, 0.75 mM CaCl 2 , 0.1% TritonX-100) with rotation. After coupling, beads were blocked with 500 µl of 0.5 M NaCl, 0.5 M ethanolamine, pH 8.3 for 30 min with rocking at room temperature. Beads were washed 4× with 500 µl of HA buffer and stored at 4 ºC. Rat liver low density microsomes (LDMs) were prepared as previously described (20) and solubilized in ice cold HA buffer at a concentration of 3-5 mg/ml. Insoluble portions were removed by centrifugation at 5500 g for 10 min at 4 ºC. 100 µl of the soluble fraction was applied to 10 µl of bait-coupled beads and incubated with gentle agitation at 4 ºC for 2 hours.
Beads were washed with ice cold HA buffer, then resuspended in 50 µl of 2× Laemmli buffer containing 0.5 mM β-mercaptoethanol at 37 ºC for 5 min. Supernatants were obtained by centrifugation at 4000 g and 10 µl of each eluate analyzed by SDS-PAGE and western blotting. Immunodetection was performed using anti-CRT from Daniel Tessier (BRI/NRC, Montreal, Canada) diluted 1:5000 in 5% skim milk TBS-T (0.1% Tween-20), and HRP-conjugated goat antirabbit IgG (Santa Cruz Biotechnology).
Crystallization -Initial crystallization conditions were identified utilizing hanging drop vapor diffusion with the PACT screen (QIAGEN). The crystals of unliganded cyclophilin B were obtained by equilibrating a 0.6 µL drop of the cyclophilin B (7 mg/ml) in buffer (20 mM MES (pH 6.5), 50 mM NaCl), mixed with 0.6 µL of reservoir solution containing 25% (w/v) PEG1500, and 0.1 M MMT buffer (pH 6.0) and suspended over 0.6 ml of reservoir solution. No additional cryoprotectant was added prior to flash freezing the crystals in a N 2 cold stream (Oxford Cryosystem). The crystals had a Matthews coefficient of 2.30 Å 3 Da -1 and a solvent content of 46.6%.
The best cyclophilin/P-domain complex crystals were obtained by equilibrating a 1 µl drop of the cyclophilin/CMG (residues 317-350) mixture in a 1:3 molar ratio (8 mg/ml) in buffer (20 mM MES (pH 6.5), 50 mM NaCl), mixed with 1 µl of reservoir solution containing 22% (w/v) PEG8000, 10 mM ZnCl 2 , and 0.1 M Tris buffer (pH 7.0) and suspended over 1 ml of reservoir solution. Crystals grew in 3 to 7 days at 22 ºC. For data collection, crystals were cryo-protected by soaking in the reservoir solution supplemented with 20% (v/v) glycerol. The crystals had a Matthews coefficient of V m = 2.12 Å 3 Da -1 and a solvent content of 42.0%.
Structure solution and refinement -Diffraction data from single crystals of unliganded cyclophilin B and the cyclophilin/P-domain complex were collected on an ADSC Quantum-210 CCD detector (Area Detector Systems Corp.) at beamline A1 at the Cornell High-Energy Synchrotron Source (CHESS) ( Table 1) . Data processing and scaling were performed with HKL2000 (21) . The structures were determined by molecular replacement with Phaser (22) , using the coordinates of cyclophilin B (PDB entry 1CYN). The initial models obtained from Phaser were completed and adjusted with the program Coot (23) and were improved by several cycles of refinement, using the program REFMAC 5.2 (24) and model refitting. At the latest stage of refinement, we also applied the translationlibration-screw (TLS) option (25) . The refinement statistics are given in Table 1 . The final models have all residues in the allowed regions of Ramachandran plot according to the program PROCHECK.
NMR spectroscopy -NMR resonance assignments of the two-module P-domain of calnexin were described earlier (11) . BMRB entries 15505 and 4878 were used to assign NMR signals for cyclophilin B and the CRT P-domain, respectively. NMR samples were exchanged in 20 mM MES, 50 mM NaCl, pH 6.5. For NMR titrations, unlabeled P-domain or cyclophilin B were added to 15 N-labeled 0.2-0.4 mM titrated protein to the final molar ratio of 3:1. All NMR experiments were performed at 28 ºC using Bruker 600 MHz spectrometer. NMR spectra were processed using NMRPipe and analyzed with XEASY.
RESULTS
Based on previous reports of their association in cell extracts (2,3), we tested the direct interaction of the lectin chaperone CRT with purified ER proteins. When covalently attached to beads, cyclophilin B was able to retain CRT to the same extent as ERp57, a known CRT binding protein (Fig. 1) . No retention of CRT was observed on beads coupled to ERp72 or on beads without protein.
To identify the region of CNX/CRT responsible for binding cyclophilin B, we labelled a fragment of the CNX P-domain with 15 N and monitored a titration with unlabeled cyclophilin B using NMR spectroscopy. We observed large chemical shift changes for a number of CNX amide signals, indicating specific binding between the two proteins (Fig. 2) . Mapping of the chemical shift changes onto the crystal structure of CNX shows that the signals affected arise from the tip of the P-domain. Titration of the two-module Pdomain from mouse CRT (residues 211-261) with cyclophilin produced very similar results (Fig. 2E & Suppl. Fig. 1) . A fit of the NMR chemical shift changes as a function of the amount of cyclophilin B added allowed an estimation of the binding affinity. The P-domain fragments of both CNX and CRT bound cyclophilin B with affinity on the order of 10 µM. This is very similar to the affinities of ERp57 binding to CNX (Kd of 6 µM) (10) and to CRT (7 µM) (9).
We carried out the reverse titration with 15 Nlabeled cyclophilin B to identify the cyclophilin residues involved in binding. Titration with various P-domain fragments led to large chemical shift changes in the N-and C-termini and two adjacent loops of cyclophilin (Fig. 3A) . When mapped onto the cyclophilin B structure, the changes converge to a well-defined surface opposite the cyclosporin A binding surface (26) (Fig. 3B) . The affected surface is abundant in lysine residues and has a pronounced positively charged character (Fig. 3C ). This is not surprising, as the tip of a P-domain is rich in negatively charged aspartate and glutamate residues. Cyclophilin B binds heparin using this same surface, albeit the chemical shifts changes induced by heparin are much smaller (27) . The binding affinity measured in the reverse titrations was the same (~10 µM) as measured in titrations with 15 Nlabeled P-domains.
We next used X-ray crystallography to identify the molecular details of the P-domain/cyclophilin interaction. We first crystallized unliganded cyclophilin B and determined its structure to 1.2 Å resolution ( Table 1) . The structure is similar to the previous resolved structure with cyclosporin A bound (26) but includes six N-terminal residues absent in the prior structure (Suppl. Fig. 2A ). We then carried out crystallization screens of cyclophilin B with a number of two-and onemodule P-domains. The best crystals were obtained with the CMG P-domain and the complex structure was determined to 1.7 Å resolution ( Table 1 ). The asymmetric unit contains two cyclophilin B molecules with the positively charged surfaces previously identified facing each other (Fig. 4A) . Only a single P-domain fragment is present as there is insufficient space between the two cyclophilin molecules to accommodate two Pdomains. We observed nearly complete molecules of cyclophilin B in the electron density maps, with the exception of Lys5 of chain A and Lys4-Lys5 of chain B. Crystal packing was mediated in part through the formation of an α-helix by the Nterminal cloning linker and the binding of a zinc atom (Suppl. Fig. 3 ). Only nine bound residues of the tip of the P-domain are visible in the electron density map. The rest of the 38-residue fragment and the side chain of E335 appear to be disordered.
The crystal structure reveals the molecular complementarity of the P-domain and cyclophilin binding surfaces. The tip of the P-domain binds as an α-helical turn in which carbonyl groups of N334 and E335 make hydrogen bonds with amides of D338 and G339, respectively. The helical conformation is stabilized by hydrogen bonds between the imino proton of W333 with carbonyl of G339 and between amide of N334 and the side chain of D338. Analysis of intermolecular contacts shows the importance of polar interactions mediated by K97 of cyclophilin B and D338 of the P-domain (Fig. 4B) . The side chain of K97 forms salt bridges with the side chains of D338 and D332 and hydrogen bonds with carbonyl of D332. The side chain of D338 forms a salt bridge with the side chain of T36 and hydrogen bonds with carbonyl of K35 via an ordered water molecule. In addition, the carbonyl of D338 makes a hydrogen bond with the side chain of K183 via a water molecule. The side chain of K183 hydrogen bonds with carbonyl of E340, while the amide of E340 hydrogen bonds with carbonyl of K6, emphasizing the close approach of the backbone atoms (Fig. 4C) . Nearby, carbonyl of G7 employs an ordered water molecule to hydrogen bond with carbonyls of E335 and D336. The side chain of K9 makes polar contacts with the side chain and carbonyl of D336. Finally, the carbonyl of M337 at the very tip of the P-domain hydrogen bonds with the side chain of T36 directly and with amides of K35 and T36 and carbonyl of K9 via a water molecule (Fig. 4D ). While the P-domain-interacting surface of cyclophilin B is abundant in lysine residues, only the side chains of K9, K97 and K183 are involved in the intermolecular salt bridges and hydrogen bonds.
The intermolecular contacts are stabilized by a few hydrophobic interactions. Thus, the side chain of M337 faces away from the P-domain and inserts between the aliphatic part of the side chains of K9 and K35. The absence of a side chain for G339 allows packing of its CA atom against carbonyl of G7. It appears that no other residue could be tolerated at this position, explaining the conservation of this glycine in the CNX/CRT protein family (Fig. 4E) . Additionally, the protruding edge of the W333 aromatic ring packs against carbonyl and CA of K97 (Fig. 4C) .
We performed site-directed mutagenesis of both cyclophilin B and the P-domain to verify the intermolecular surface and confirm the residues crucial for their interactions (Table 2) . We expressed 15 N-labeled mutants and used NMR to verify that all the mutants were correctly folded. We prepared the D344K, D346K, D348K, E350K and E352K mutants of the CNX P-domain and tested their binding to cyclophilin B by NMR. Only the D348K mutation abolished binding to cyclophilin B, indicating that this residue is crucial for the complex formation. Likewise, among the cyclophilin B mutants K6A, K9A, K35A, K97A and K183A, only the K97A mutant did not bind to the CNX P-domain. The K183A mutant showed impaired binding (Suppl. Fig. 4) .
Sequence alignment of the P-domains from CRT, CNX and CMG shows that several residues are invariantly conserved in the tip region (Fig.  4E ). Of these, the tryptophan residues are structurally important, as they form a small hydrophobic core. Among the solvent-exposed residues, the aspartic acid and glycine residues following the conserved methionine at the tip of the P-domain are absolutely conserved and are crucial for the cyclophilin B binding. Interestingly, the binding region of the P-domain is strikingly similar to the region that interacts with ERp57 (10) . Comparison of the chemical shift changes of the P-domain of CNX upon binding ERp57 and cyclophilin B shows that in both cases binding is mediated by the extreme tip of the P-domain (10) . Significantly, the CNX P-domain D348K mutation also abolishes binding to ERp57 (G. Kozlov, unpublished) and the homologous aspartic acid is required for CRT binding to ERp57 (28) .
An overlay of our structure with the crystal structure of cyclophilin B in complex with cyclosporin A suggests the prolyl isomerization and the P-domain-binding sites are independent (Suppl. Fig. 2B ). In order to see if binding to cyclosporin would affect cyclophilin's interactions with a P-domain, we carried out NMR titrations in the presence of cyclosporin A. Binding of the Pdomain of CNX was not affected by cyclosporin bound to the active site of cyclophilin B (Suppl. Fig. 5 ), confirming that these binding events are functionally independent.
DISCUSSION
Protein maturation in the ER is a complex and highly ordered process involving enzymes that modify the covalent chemical structure of the proteins and chaperones that mediate the more subtle conformational changes associated with protein folding. Work from a number of groups, including our own, has shown that these processes are linked through the calnexin cycle wherein the trimming of the glycan of N-linked glycoproteins is tied to the protein's folded state (4) . Recruitment of the heterodimeric chaperone complex CNX-ERp57 is in turn regulated by the presence of a terminal glucose residue on the Nglycan. The complex of cyclophilin B with CNX and the other lectin chaperones suggests that cyclophilin B acts in the calnexin cycle in a fashion analogous to ERp57 (Fig. 5) .
Several lines of argument support the idea that CNX/CRT/CMG and cyclophilin B interact in vivo. Cyclophilin B and CNX/CRT/CMG colocalize in the ER, and have been reported by two different groups to be associated in multichaperone ER complexes (2, 3) . The specific interaction between cyclophilin and CRT has also been proposed to contribute to ER retention of cyclophilin B, which lacks other known ERretention signals (29) . Finally, the interaction site on the lectin chaperones used to bind cyclophilin B is the same site used to bind ERp57 (9,10). The P-domain appears to act as specialized proteinprotein domain composed of a long semi-rigid linker with a binding site at its tip for either cyclophilin B or ERp57. The chemical shift changes observed in the lectins complexed with cyclophilin are essentially identical to those observed in the complex with ERp57; furthermore, both complexes have the same profile of sensitivity to amino acid substitutions in the P-domains. This suggests that the structure of the P-domain/ERp57 complex can be reliably modeled based on the P-domain/cyclophilin structure presented here.
The association of glycan-binding activity with cyclophilin B provides a mechanism for the recruitment of PPIase activity in the ER to newly synthesized glycoproteins, such as the C H antibody heavy chain. The heavy chain C H 1 domain possesses three cis prolines in its native state and its folding is markedly accelerated by cyclophilin B (30) . As a component of the calnexin cycle, cyclophilin B would bind to the P-domains of the abundant lectin chaperones CNX, CRT or CMG (Fig. 5) . These would in turn bind nascent, unfolded monoglucosylated proteins to promote their folding through the action of cyclophilin B. Future work is required to test if monoglucosylation affects the rate of proline isomerization of N-glycoproteins such as C H 1.
The specific targeting of cyclophilin B provides insight into two long-standing queries regarding the existence of multiple ER PPIases and the low activity of PPIases relative to the spontaneous isomerization rate. The ER contains seven PPIases but it is unknown whether they are specific for different substrates or for different steps in folding (31, 32) . Our results suggest that cyclophilin B functions primarily as a substrate specific PPIase for monoglucosylated N-glycoproteins. The second question concerns the catalytic efficiency (k cat /K M ) of PPIases relative to their cellular concentrations (33) . As has been suggested by previous investigators, the low in vitro activities of PPIases may be due to the absence of other factors that increase their activity in vivo (34) . In the case of cyclophilin B, the association with lectin chaperones should increase the catalytic efficiency through the recruitment of substrates and decrease in the effective K M .
In conclusion, the X-ray structure and NMR titrations presented in the manuscript reveal that the lectin chaperone P-domains are highly specialized protein-protein interaction domains and implicate PPIase activity as a new element of the well characterized calnexin cycle. There are two molecules of cyclophilin (orange and magenta) in the asymmetric unit but by happenstance only one is in a complex with the CMG P-domain. The P-domain is green and two bound Zn ++ shown in grey. Key lysine residues that contribute to P-domain binding are labelled. B, Key intermolecular salt bridges and hydrogen bonds (dotted lines) involving cyclophilin K97 and the P-domain D338. C, Close packing of G339 of the P-domain (green) with G7 of cyclophilin (magenta). D, Side chain of M337 inserts between side chains of K9 and K35 of cyclophilin B, while the side chain of K9 adopts two alternative conformations forming intra-and intermolecular hydrogen bonds with the carbonyls of P178 and D336. Figures were made with PyMOL (http://pymol.sourceforge.net/). E, Sequence of the P-domain fragment crystallized and its alignment with other P-domains. CMG P-domain residues observed in the electron density map are boxed in green. Conserved residues making important contacts are shown in bold. FIGURE 5. Model of cyclophilin B action in concert with CRT and ERp57. An unfolded glycoprotein with cysteine residues (-SH) and proline residues (P) is engaged by CRT (CNX or CMG) through its lectin domain which is specific for monoglucosylated N-glycans. The P-domain of lectin chaperone can recruit either cyclophilin B or ERp57 to promote respectively protein folding through prolyl peptide bond isomerization or disulfide bond formation. 
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